ABSTRACT Skeletal abnormalities, low bone mass, bone deformities, and bone fractures increase the risk of osteoporosis and osteoarthritis, which are of concern from both a public standpoint and a cost-of-care burden standpoint. Arginine silicate inositol complex (ASI; Arg = 49.47%, silicone = 8.2%, inositol = 25%) is a novel, bioavailable source of Si and Arg and one that offers potential benefits for vascular and bone health. Skeletal abnormalities and architectural deterioration of bone tissue are common under hot climate conditions in the poultry industry. In this study, we evaluated the effects of ASI supplementation on performance and bone mineral density (BMD) in Japanese quail (Coturnix coturnix japonica) exposed to the high ambient temperature of 34°C. The birds (n = 180; 10 d old) were randomly assigned to 6 treatment groups consisting of 10 replicates of 3 birds. Birds were kept in wire cages in a temperature-controlled room at either 22°C (thermoneutral; TN) or 34°C (heat stress; HS) for 8 h/d (0900 to 1700 h until the end of study) and were fed a basal (control) diet or the basal diet supplemented with
INTRODUCTION
High ambient temperatures are a problem in the poultry industry worldwide. Heat stress (HS) has been associated with decreases in broiler BW gain, feed intake, feed efficiency, N retention, protein digestibility, and total mineral retention (Austic, 1985; Sahin and Kucuk, 2003b) . Previous studies showed that chicks kept at high temperatures had lower body protein content, which is possibly related to a change in amino acid metabolism (Geraert et 1 This study was presented at Experimental Biology Meeting (FASEB) 2005, Washington, DC.
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Corresponding author: nsahinkm@yahoo.com 486 either 500 or 1,000 mg of ASI/kg of diet. Heat exposure decreased performance and bone mineralization when the basal diet was fed (P = 0.001). The ASI supplement had no effect on feed intake, BW, feed efficiency, and carcass traits (P > 0.05) in quails reared under TN or HS conditions. The BMD was significantly improved by ASI supplementation in both TN and HS groups [0.72 (TN) vs. 0.60 (HS); P ≤ 0.05]. Serum osteocalcin, dehydroepiandrosterone concentrations, and alkaline phosphatase activity increased, whereas tumor necrosis factor-α and Creactive protein concentrations decreased, as dietary ASI supplementation increased in quail reared under HS. This improvement was linear with increased doses of supplement (P = 0.001). In the ASI group, the amount of Ca, P, Mg, and Mn in the excreta decreased (P ≤ 0.05), and the concentrations of these minerals in tibia ash increased in quail reared under HS conditions (P ≤ 0.05). In conclusion, ASI supplementation to the basal diet significantly improved bone mineralization in quail and did not impact feed consumption, BW gain, or feed efficiency. al., 1996; Veldkamp et al., 2000a,b) . In addition, environmental stress has been shown to decrease serum and tissue levels of some vitamins in poultry (Sahin and Kucuk, 2003b) . Heat stress causes hormonal and molecular changes and has been shown to elevate inflammatory markers such as interleukin (IL)-6, C-reactive protein (CRP), and tumor necrosis factor (TNF) while decreasing osteocalcin and dehydroepiandrosterone levels (Etches et al., 1995; Hargreaves et al., 1996) . Increased mineral excretion is one of the important consequences of heat distress in chicks. Belay and Teeter (1996) reported lower retention rates for P, K, Na, Mg, S, Mn, Cu, and Zn in broilers raised at high cycling ambient temperatures. Interactions among minerals and other nutrients may determine the biological availability of other nutrients. Skeletal abnormalities and architectural deterioration of bone tissue are common under hot climate conditions in the poul-try industry. Several nutrients and trace minerals may prevent osteoporosis, including essential amino acids, such as Arg and Lys; vitamin K; Mn; B; vitamin D; Zn; Cu; folate; and Si. Dietary Ca, P, and vitamin D3 are often used to improve bone structure (Watkins and Seifert, 1997) . Recent studies suggest that dietary Arg and Si may play an important role in the development, growth, and modeling of long bones (Seaborn and Nielsen, 2002) . Carlisle (1986) and Visser and Hoekman (1994) indicated that dietary Si and Arg influence mineral metabolism and bone mineralization of broiler chicks. Arginine is involved both in the synthesis of substrates (polyamine and L-Pro) implicated in collagen synthesis and in the production of growth hormone, insulin-like growth factor-I, and nitric oxide (Chevalley et al., 1998; Trippel, 1998; Colao et al., 1999) . Arginine is clinically suggested for metabolic disturbance in Ca absorption, growth, dentition and ossification defects, rachitism, osteomalacia, decalcification, and convalescence (Fiore et al., 2000; Clementi et al., 2001) . Several roles for Si have been defined, largely on the basis of animal studies (Carlisle, 1972; Schwarz and Milne, 1972) . Its most important functions appear to be in the growth and development of bone, cartilage, and connective tissue. There is a direct relationship between Si and Ca (Carlisle, 1976) . It has been reported that Si is associated with Ca at an early stage of bone formation. Relationships among Si, Mg, and F in the formation of bone in the chick have also been reported (Carlisle, 1981) . In addition, Si appears to be required for the synthesis of collagen. Collagen is the protein matrix found in connective tissue, and cartilage and is the single most abundant protein in the human body (Carlisle, 1976) .
Arginine silicate inositol complex (ASI; Arg = 49.47%, silicone = 8.2%, inositol 25%; Nutrition 21 Inc, Purchase, NY) is a novel, bioavailable source of Si and Arg and has potential benefits for vascular and bone health (Russell, 2005) . Several studies support the safety of the components of the ASI complex. Clinical studies have demonstrated that no adverse effects are observed following administration of Arg (Adams et al., 1995; Lerman et al., 1998) . Similarly, no adverse effects were observed following administration of doses of 12 g of inositol/d for 4 wk (Levine, 1997) or 45 mg of Si/d for 31 d (Van Dyck et al., 1999) .
There would appear to be no additional published research that has been conducted concerning the interactions between HS and ASI in poultry. Therefore, the aim of this study was to investigate the effects of ASI supplementation (added to the feed) on performance, bone mineral density (BMD), serum osteocalcin (OC), dehydroepiandrosterone (DHEA), TNF-α, CRP, alkaline phosphatase activity (ALP), nutrient use, and amount of Ca, P, Mn, and Mg in left tibia and excreta in Japanese quails reared under HS (34°C).
MATERIALS AND METHODS

Animals and Dietary Treatments
One hundred eighty Japanese quail (Coturnix coturnix japonica; 10 d old) provided from a commercial company The vitamin premix provided the following (/kg): all-trans-retinyl acetate, 1.8 mg; cholecalciferol, 0.025 mg; all-rac-α-tocopherol acetate, 12.5 mg; menadione (menadione sodium bisulfate), 1.1 mg; riboflavin, 4.4 mg; thiamine (thiamine mononitrate), 1.1 mg; vitamin B6, 2.2 mg; niacin, 35 mg; Ca pantothenate, 10 mg; vitamin B12, 0.02 mg; folic acid, 0.55 mg; d-biotin, 0.1 mg. The mineral premix provided the following (/kg): Mn (from manganese oxide), 40 mg; Fe (from iron sulfate), 12.5 mg; Zn (from zinc oxide), 25 mg; Cu (from copper sulfate), 3.5 mg; I (from potassium iodide), 0.3 mg; Se (from sodium selenite), 0.15 mg; choline chloride, 175 mg.
(Insanay AY Kanatli Hayvan Uretim Paz. Tic. Inc., Elazig, Turkey) were used in the study. The experiment was conducted under appropriate animal care regulations. The birds were randomly assigned to 6 treatment groups consisting of 10 replicates of 3 birds in a 2 × 3 factorial treatment design. Birds were kept in wire cages in a temperature-controlled room at either 22°C all day (thermoneutral; TN) or 34°C (HS) for 8 h/d (0900 to 1700 h at 22°C from 1700 to 0900 h until the end of the study). The second factor was ASI supplementation to the diet at levels of 0, 500, or 1,000 mg/kg of diet. At both temperatures, birds were fed a basal (control) diet or the basal diet supplemented with either 500 or 1,000 mg of ASI/ kg of diet. The birds were fed a starter diet until 21 d of age followed by a grower diet from d 21 to 42. Ingredients and chemical composition of the basal diet are shown in Table 1 . The basal diets were formulated using National Research Council (1994) guidelines and contained 22.8 or 19.8 g of protein/100 g of diet for the starter and grower phases, respectively, with 12.9 MJ of ME/kg of diet. Quail were provided with feed and fresh water for ad libitum consumption. Treatments lasted 32 d.
Feed intake and BW were recorded per pen at weekly intervals from which BW gain and feed efficiency of birds were calculated. For carcass evaluations at 32 d, one bird was randomly chosen from each pen for slaughter. Birds were killed by decapitation and scalled and hand-picked to remove feathers. The birds were not deprived of feed before slaughter, and carcasses were cleaned by removing feet and visceral organs. Cold carcass weights were calculated after carcasses were kept at 4°C for 18 h. Cold carcass yield was calculated as cold carcass weight divided by BW at slaughter.
Metabolic Trial
At the last week of the experiment (26 d), 10 birds from each group (one per replicate) were placed into individual battery cages for determination of apparent nutrient digestibility (CP and excretion of ash and minerals). Total excreta were collected daily for 5 d during d 28 to 32. The excreta from each cage were collected at 24-h intervals. The excrement samples were composited, ovendried at 60°C for 48 h, ground, and subsampled (1 g) for chemical analysis. Apparent digestibility of CP was measured by use of Cr 2 O 3 (0.2% of diet) as described by Petry and Rapp (1971) .
For mineral analyses in sera and bone, at 42 d of age, 10 birds (one per replicate) randomly chosen from each treatment group were slaughtered. Blood samples were centrifuged at 3,000 × g for 10 min, and sera were collected. The left tibia was removed from each bird. After removing all of the soft tissues, the tibia was dried at 105°C and then ignited at 600°C for 8 h. The BMD was measured by x-ray absorptiometry (LUNAR DPX, Lunar, Corp., Madison, WI).
Laboratory Analyses
Chemical analyses of the diet and excrement samples were performed using international procedures (AOAC, 1990). Excrement N was chemically analyzed according to the method of Terpstra and De Hart (1974) . Concentrations of Ca, Mg, and Mn in diet and excrement samples were determined using an atomic absorption spectrophotometer (Shimadzu AA-660, Shimadzu, Kyoto, Japan), whereas P was determined by the method of Pearson (1976) . Calibrations for the mineral assays were conducted with a series of mixtures containing graded concentrations of standard solutions of each element. Serum ALP concentration was measured using biochemical analyzer (Olympus AU-660, Japan). Tumor necrosis factor-α (Quantikine, R & D Systems, Minneapolis, MN) and CRP (Alpha Diagnostic, San Antonio, TX) were measured by ELISA. Serum OC, an index of bone formation, was assessed by enzyme-amplified chemiluminescence assay on an Immulite One Analyzer (Diagnostic Products Co., Lose Angeles, CA). Serum DHEA levels were measured using the radioimmunoassay kit purchased from Diagnostic Products Co., according to manufacture instructions.
Statistical Analyses
The data were analyzed using the GLM procedure of SAS (1999); the main effects were environment and ASI level. Least squares treatment means were compared if a significant F statistic (5% P-value) was detected by AN-OVA. Linear and quadratic polynomial contrasts were used to evaluate the effect of different levels of ASI. 
RESULTS
The effects of supplemental ASI on performance of Japanese quail are shown in Table 2 . Heat exposure decreased performance and bone mineralization when the basal diet was fed (P = 0.001). The ASI supplement had no effect on feed intake, BW, feed efficiency, and carcass traits (P > 0.05) in quails reared under TN or HS conditions. Serum OC increased (linearly; r 2 = 0.91) as did DHEA concentrations and ALP, whereas TNF-α and CRP decreased (linearly; r 2 = 0.89), as dietary ASI supplementation dosage was increased in quail reared under HS (Table 3) . As seen in Table 3 , serum TNF-α and CRP concentrations were not different in supplemented birds reared at TN temperature. Bone mineral density was significantly improved by ASI supplementation in both TN and HS groups [0.72 (TN) vs. 0.60 (HS); P ≤ 0.05; Table  4 ]. Digestibility of dietary CP by birds is shown in Table 5 . Heat exposure decreased digestibility of CP and mineral concentrations when the basal diet was fed (P = 0.001). Apparent digestibility of CP (P = 0.01) was significantly improved by ASI supplementation. There was a significant difference in improvements between the supplement dosage groups [500 and 1,000 mg/kg of diet (P = 0.05)] in birds reared under HS. The effects of ASI supplementation on mineral concentrations in the excreta and tibia are shown in Tables 4 and 5. The amount of Ca, P, Mg, and Mn in the excreta decreased (P = 0.01), while Ca, P, Mg, and Mn concentrations in tibia increased in ASIsupplemented quail reared under HS conditions (P = 0.01).
DISCUSSION
The ASI contains Arg, Si, and inositol. This complex does not cause adverse effects when administered orally for up to 8 wk in rats and also lacks mutagenic potential as demonstrated in 3 separate genotoxicity studies (Juturu et al., 2004a,b; Komorowski et al., 2004) . High ambient temperature is of great concern in all types of poultry production. Feed intake, growth rate, hatchability, mortality, bone mineralization, amino acid digestibility, and other important traits governing the prosperity of the poultry industry are adversely affected by severe HS (Sahin and Kucuk, 2003a) . Heat stress also causes an increase in excretion of minerals such as Zn, Cu, and Mn (Belay and Teeter, 1996) . The reduction in feed consumption and increases in excretion of minerals result in adverse effects on poultry performance and health status. Heat stress alters gut absorption of Arg and, thereby, plasma amino acid balance (Mendes et al., 1997) . Balnave and Oliva (1991) showed that the digestibility of Arg in diets could be significantly decreased at an ambient temperature of 30°C when compared with 18 or 21°C. In addition, stress causes the liver to bioaccumulate minerals, thereby further decreasing plasma mineral concentration and potentially exacerbating a marginal mineral deficiency or an increased mineral requirement. The present study was carried out to investigate the effect of different levels of ASI supplementation in the diet on performance, bone mineralizatin, and serum OC, DHEA, TNF, and CRP concentrations using the quail as an animal model. The results show that performance in all experimental groups was similar, suggesting that dietary ASI at different levels (0, 500, and 1,000 mg/kg of diet) had no significant effect on performance in birds. However, BMD, OC, and DHEA were significantly higher in quail fed ASI compared with the control group (Tables 2 and 3 ). To our knowledge, this is the first study to examine the specific association between dietary ASI intake and defined parameters in poultry. These findings indicate significant positive associations between ASI intake and BMD for quail reared under HS, but not for quail reared under TN conditions. It has been reported that ASI treatment had no significant effect on feed intake and BW gain in rats (Russell, 2005) . Chamruspollert et al. (2004) showed that Arg and Met combinations at control (22 to 25°C) and warm (32 to 35°C) temperatures did not affect performance in broilers.
Bone problems are a major health issue in poultry. One significant result of HS is skeletal weakness, which is linked to leg problems, bone deformities, breakage, and osteoporosis (Gregory and Wikins, 1992; Whitehead, 1996) . In the present study, heat exposure significantly reduced BMD and the concentrations of Ca, P, Mg, and Mn in tibia. The improvement in bone mineralization was probably due to increases in Ca and P availability, which was reflected in excretion values. This result is in agreement with the results of previous studies on Arg and Si in animals (Carlisle, 1972; Schwarz and Milne, 1972; Fiore et al., 2000; Clementi et al., 2001) . Arginine and Si can increase bone mineral content and bone density (Carlisle, 1970 (Carlisle, , 1981 Clementi et al., 2001) . Arginine may be involved in osteoporosis and fractures or bone defects (Civitelli et al., 1992) . Arginine is involved in the synthesis of polyamine and L-Pro, which act as substrates for collagen synthesis of growth hormone and insulin-like growth factor and in nitric oxide production (Chevalley et al., 1998; Trippel, 1998; Colao et al., 1999) . Nitric oxide prevents corticosteroid-induced loss of bone in mature rats (Wimalawansa et al., 1997) .
Silicon has been implicated as an important component in bone formation, and its deficiency negatively influences skeletal development (Schwarz and Milne, 1972) . The primary effect of Si in bone and cartilage is thought to be on matrix synthesis, although it has significant influence on calcification (Seaborn and Nielsen, 1994) . Silicon supplementation inhibited bone resorption and increased trabecular bone volume (Schiano et al., 1979) and BMD (Eisinger and Clairet, 1993) in postmenopausal women with osteoporosis. Although limited research has been done in vivo, Si increased osteoblastic activity (Brady et al., 1991) and decreased osteoclastic activity (Schutze et al., 1995) in vitro. Supplementation with a Si source has been reported to increase bone metabolism in rats (Seaborn and Nielsen, 1994) . Jugdaohsingh et al. (2004) suggested that dietary Si intake is positively associated with BMD.
It has been previously reported that nutrient digestibility decreases when ambient temperature goes above the TN zone (Wallis and Balnave, 1984; Zuprizal et al., 1993; Sahin et al., 2005) . Zuprizal et al. (1993) have shown that true digestibility of protein and amino acids decreased as the temperature increased from 21 to 32°C. Hai et al. (2000) reported that the activities of trypsin, chymotrypsin, and amylase decreased significantly when animals were kept at high temperature (32°C) conditions. In the present study, ASI supplementation improved digestibility of CP and ash in birds reared at high ambient temperatures. Sahin and Kucuk (2003a) reported that certain mineral supplements improved the digestibility, stability, and availability of minerals in poultry reared under HS.
Studies have shown that high ambient temperature influences retention and excretion of minerals in poultry (Smith and Teeter, 1987; Sahin and Kucuk, 2003a) . The study of El Husseiny and Creger (1981) showed that broilers reared under environmental stress had lower rates of Ca, Cu, Fe, K, Mg, Mn, Na, P, and Zn retention. The results of the current metabolic trial showed that increased excretion of Ca, P, Mg, and Mn in birds reared under HS was decreased by supplementation with ASI.
Heat stress decreases ALP, a marker of osteoblast differentiation. In the present study, dietary ASI supplementation was associated with an increase in serum ALP in birds reared under HS. Alkaline phosphatase activity, a marker of bone formation, has also been shown to be reduced in Si-deficient animals (Seaborn and Nielsen, 1994) .
Heat stress causes alterations in synthesis or concentrations of cytokines such as IL, TNF, and CRP (Etches et al., 1995; Hargreaves, 1996) and OC and DHEA (Etches et al., 1995) . Cytokines seem to have a dual mechanism of action impairing bone metabolism (Girasole et al., 1992; Pacifici, 1995) . They might have direct influence on bone remodelling, as both IL-1 and TNF-α seem to stimulate osteoblasts to produce a set of cytokines (IL-6, TNF-α) that are capable of directly influencing bone reabsorption processes. They also have role on the recruitment, maturation, proliferation, and activation of osteoclasts (Horowitz, 1993) . Tumor necrosis factor-α, which is secreted along with IL-1 from mononuclear cells, stimulates osteoclast-mediated bone resorption when used individually (Passeri et al., 1993; Rifas, 1999) . Interleukin-6 stimulates acute phase protein synthesis, such as the CRP. The CRP regulates the immune response and enhances macrophage activation to remove foreign bodies (Hai et al., 2000) . In the present study, significantly lower serum concentrations of TNF-α and CRP were observed in animals receiving ASI supplementation in stressed birds. Hull et al. (2004) reported that TNF-α was significantly higher in Si-low mice than in Si-adequate mice, suggesting a possible effect of Si on TNF-α expression.
Osteocalcin is a noncollagenous protein synthesized largely by the osteoblast and is used as an indicator of bone formation (Lepage et al., 1991; Fraher, 1993) . In the present study, significantly higher serum concentrations of OC were observed in stressed birds receiving ASI supplementation. The trend observed for higher OC concentrations in the supplemented birds suggests that supplemental ASI may enhance the rate of bone formation in stressed quail. It was reported that Si supplementation increased OC concentration in rats (Seaborn and Nielsen, 1994) and horses (Lang et al., 2001 ). Dehydroepiandrosterone is known as an antistress hormone, the opposite of cortisol. In a human study, the concentration of DHEA in saliva significantly increased when emotional wellness improved (McCraty et al., 1998) . Supplementation with ASI seems to reduce stress, as DHEA levels were higher in birds receiving ASI. Because this is the first study of the associations among ASI intake, OC, and DHEA, comparisons of our results with others cannot readily be made.
In conclusion, data obtained in the present study showed that a high ambient temperature of 34°C causes significant impairment in performance and bone mineralization. It also decreases in serum concentrations of OC and DHEA and causes elevation in serum TNF-α and CRP concentrations in quails. The present study demonstrates that such detrimental effects caused by high ambient temperature can be restored with ASI supplementation. Finally, ASI supplementation to the basal diet significantly improved bone mineralization in quail and did not impact feed consumption, BW gain, or feed efficiency.
